The ability to respond and to adapt to hostile environmental conditions is fundamental for bacterial survival in nature. Among several circumstances causing "stress" the limited availability of substrates or bioelements plays a crucial role. In soil, one of the natural habitats of Clostridium acetobutylicum, phosphorus is expected to be a major growth-limiting bioelement (7, 16, 46) . Hence, to cope with phosphate limitation microorganisms have evolved complex regulatory systems to assimilate inorganic phosphate (P i ) efficiently from the environment (16, 46) .
In the gram-positive bacterium C. acetobutylicum, a strict anaerobe, limitation of phosphate in a chemostat culture in combination with excess of glucose and a pH below 5 reproducibly triggers a fundamental change of the metabolism from the production of organic acids (acetate and butyrate) to solvents (butanol and acetone) as main fermentation products (6, 11) . In a batch culture, this metabolic switch is linked to other particular features of the clostridial cell cycle such as the formation of endospores (26) , morphological changes (motility, cell shape), and synthesis of granulose (39) . The limitation of phosphate seems to be at least one important factor in this complex regulation network (25) . Even though these data have been known for nearly 20 years nothing is known about the phosphate-dependent gene regulation in C. acetobutylicum, e.g., the existence of a clostridial Pho regulon.
Phosphate (Pho) regulons of bacteria include all genes whose expression rates respond to phosphate limitation initially controlled by a two-component regulatory system. For example, in Escherichia coli the Pho regulon comprises at least 38 different genes (46) and in B. subtilis at least 31 genes (4, 16) . Among these a high-affinity phosphate uptake system as described for several bacterial species such E. coli (1, 38) , B. subtilis (37) , Mycobacterium tuberculosis (9) , Streptococcus pneumoniae (30) , or Pseudomonas aeruginosa (28) can usually be found.
We have started to analyze the molecular response of C. acetobutylicum to phosphate limitation. Here, we report on the characterization and the transcriptional analysis of the pst operon as the first gene locus of C. acetobutylicum which seems to be a member of a putative Pho regulon. In addition to the external phosphate concentration, the pH value, which is an important factor for product formation in C. acetobutylicum (acid or solvent production), also influenced the transcript levels of the pst operon.
MATERIALS AND METHODS
Bacterial strains and growth conditions. C. acetobutylicum ATCC 824 (laboratory collection) was grown under anaerobic conditions at 37°C. Precultures (10 ml) were inoculated with 10 7 to 10 8 spores and pasteurized for 5 min at 75°C before incubation. Phosphate-limited chemostat experiments were performed as described by Bahl et al. (6) in a meredos 1.2-l fermenter system (Nörten-Hardenberg, Germany) or a BiostatB 1.5-l fermenter system (BBI, Melsungen, Germany) with 0.5 mM KH 2 PO 4 and 4% (wt/vol) glucose in the supplying medium. External pH was adjusted to constant values (pH 4.5 or pH 5.8) by automatic addition of 2 M KOH. For the generation of a phosphate surplus a sterile solution of 1 M KH 2 PO 4 was injected into the culture vessel, leading to final concentrations of 10 mM P i .
Measurement of OD.
The optical density at 600 nm (OD 600 ) was determined in a spectrophotometer (Spekol 1100 photometer; Analytic Jena, Jena, Germany) using 1.5-ml plastic cuvettes with a light path of 1 cm. Samples out of the chemostat culture were diluted with distilled water to an OD below 0.3 and measured against distilled water.
Measurement of phosphate concentration. Phosphate was measured colorimetrically in form of molybdate-vanadate complexes (50) . Therefore, 0.5-ml samples of cell-free culture supernatants (see "Analysis of fermentation products" below) were deproteinated by mixing with an equal volume of 1.2 M trichloroacetic acid, incubated for 15 min at room temperature, and centrifuged (16,000 ϫ g for 15 min at room temperature). Addition of 0.5 ml 21 mM ammonium-vanadate (in 0.28 M HNO 3 ) and 0.5 ml 40 mM ammonium-molybdate (in 1.25 M H 2 SO 4 ) to 0.5 ml of the deproteinated supernatant was followed by vortexing and incubation for 10 min at room temperature. Extinction (E 405 ) of the yellow colored complexes was measured at 405 nm (Ultrospec 3000 photometer; Amersham Pharmacia Biotech, Freiburg, Germany). The slope (m) of a calibration curve between 0.1 and 1 mM KH 2 PO 4 was used for the calculation of the phosphate concentrations (C phosphate ) by use of the equation C phos -
Analysis of fermentation products. Samples (2 ml) of C. acetobutylicum cell suspensions were collected and quickly sedimented at 16,000 ϫ g for 30 s at 4°C in a benchtop centrifuge. Further treatment of cell-free supernatants and the detection of the fermentation products (acetate, acetone, butanol, butyrate, and ethanol) by use of a gas chromatograph (CP9001; Chrompack, Frankfurt am Main, Germany) and a Chromosorb 101 (80/100 mesh) column were performed by the method of Thormann et al. (44) .
DNA isolation and manipulation. For the isolation of chromosomal DNA C. acetobutylicum was grown in batch cultures with 2ϫ YTG medium supplemented with 0.4% (wt/vol) glucose (33) . At an OD of 1.2, cell aliquots of 100 ml were harvested by centrifugation (4,500 ϫ g for 10 min at 4°C) and washed three times with 10 ml Tris-acetate-EDTA buffer containing 10% (wt/vol) sucrose. The resulting pellets were stored at Ϫ20°C until they were suspended homogenously in 3.8 ml Tris-acetate-EDTA-sucrose buffer, mixed with 1 ml lysozyme-RNase solution (20 mg/ml lysozyme-2 mg/ml DNase-free RNase [Applichem, Darmstadt, Germany], a stock solution according to Sambrook and Russell [40] , in 100 mM Tris-HCl-15 mM NaCl [pH 7.5]), and incubated at 37°C for 30 min. After successive addition of 500 l 0.5 M EDTA (pH 8.0), 40 l Tris-HCl (pH 8.0), and 30 l 10% (wt/vol) sodium dodecyl sulfate (SDS), the mixed suspension was kept for 10 min at 37°C before 500 l proteinase K (Applichem, Darmstadt, Germany) (20 mg/ml) was added, and incubation proceeded for another 2 h. DNA was extracted by addition of 1.4 ml 5 M Na-perchlorate and treatment with chloroform-isoamylalcohol three times according to standard protocols. Precipitation of the DNA was performed by mixing with 1 volume of isopropanol for 5 min at room temperature and centrifugation (16,000 ϫ g for 20 min at 4°C). The air-dried DNA was dissolved in 2 ml of Tris-EDTA (TE) buffer (pH 8.0), 200 l of proteinase K solution was added, and the solution was incubated overnight at 37°C. Subsequently, the volume was adjusted to 4 ml with distilled water, and 600 l 3 M sodium acetate (pH 5.2) as added followed by extraction with chloroformisoamylalcohol three times. DNA was precipitated as described above, desalted by washing with ethanol (70% [vol/vol]), and dissolved in 200 l of TE buffer.
Isolation of total RNA. Total RNA of C. acetobutylicum was isolated using a modified hot phenol protocol based on the method of Oelmüller et al. (32) . In brief, cells of 2-ml culture aliquots (in 2-ml Eppendorf tubes) were harvested as quickly as possible as described above (see "Analysis of fermentation products"). After the supernatant was discarded, cell pellets were shock frosted in liquid nitrogen and stored at Ϫ70°C until use. For the isolation of RNA, 1.2 ml of acidic phenol (Applichem, Darmstadt, Germany) (pH 4.5) and 15 l 25% (wt/vol) SDS were mixed and heated to 65°C. Frozen cell pellets were suspended in 600 l of ice-cold AE buffer (20 mM sodium acetate, 1 mM EDTA [pH 7.5]), immediately transferred into the hot SDS-phenol solution, and incubated for further 10 min at 65°C with repeated mixing. Phase separation was reached by centrifugation (6,000 ϫ g for 15 min at 4°C). RNA extraction out of the upper aqueous phase was achieved by a repeated treatment with 600 l of acidic phenol and 100 l 2 M sodium acetate (pH 5.2) followed by precipitation with 2.5 volumes of ice-cold ethanol (96% [vol/vol]) for 2 h at Ϫ20°C and centrifugation for 1 h at 16,000 ϫ g and 4°C. After being desalted by washing with 70% (vol/vol) ethanol the air-dried RNA pellets were dissolved in 200 l of DNase buffer (40 mM TrisHCl, 6 mM MgCl 2 ·6 H 2 O, pH 5.5) with 50 U of RNase-free DNase (Amersham Pharmacia Biotech, Freiburg, Germany) and incubated for 30 min at 37°C. The RNA was purified by addition of 15 l 2 M sodium acetate, an additional treatment with phenol, and precipitation with ethanol as described above. The dried RNA was dissolved in 20 l of TE buffer. Quality was controlled by agarose gel electrophoresis, and quantity was measured in a spectrophotometer (Ultrospec3000; Amersham Pharmacia Biotech, Freiburg, Germany) at 260 nm. Northern hybridization. Probes for the Northern hybridization were PCR generated using standard protocols, Pwo polymerase (Peqlab, Biotechnology, Erlangen, Germany), and chromosomal DNA of C. acetobutylicum as a template. Oligonucleotides yqgG-1 and yqgG-2 (Table 1) were used for the generation of a pstS-specific 407-bp DNA fragment, pstB-1 and pstB-2 for the amplification of an internal 436-bp fragment of pstB, and worf-1 and worf-2 for a 397-bp fragment corresponding to cac1710 (phoU). Labeling with digoxigenin (DIG) (DIG DNA labeling and detection kit; Roche Diagnostic, Mannheim, Germany) and Northern blot hybridization at 42°C (overnight) were performed according to the directions in the manual of the manufacturer. Detection of chemiluminescence was performed as described previously (24) .
Primer extension analysis. The infrared dye (IRD800)-labeled primer (MWGBiotech, Ebersberg, Germany) (2 pmol) yqgG-PE-2 or yqgG-PE-3 (Table 1) was incubated for 10 min at 70°C together with 10 g of total RNA and 12.5 U of human placenta RNase inhibitor (Amersham Pharmacia Biotech, Freiburg, Germany) in a total volume of 11 l and chilled on ice. After addition of 4 l of 5ϫ first-strand synthesis buffer (Invitrogen, Karlsruhe, Germany), 2 l of dithiothreitol (0.1 M), and 1 l of deoxynucleoside triphosphate mix (Amersham Pharmacia Biotech, Freiburg, Germany) (10 mM), the solution was mixed and preincubated for 2 min at 42°C. Superscript RNase H Ϫ (Invitrogen, Karlsruhe, Germany) (200 U) was added, and reverse transcription was performed for 45 min at 42°C. The resulting RNA-primer extended hybrids were phenol-chloroform-isoamylalcohol extracted, precipitated with ethanol, air dried, and dissolved in 4 l TE buffer. A 2 l volume was mixed with 2 l Stop solution and analyzed on a denaturing sequencing polyacrylamide gel on a LI-COR 4200 sequencer according to the instructions of the manufacturer (MWG-Biotech, Ebersberg, Germany). Parallel sequencing reactions (41) with the same primers and plasmid DNA (pUM8) as the template were separated on the same gel. pUM8 is a derivate of pBluescript II SK(ϩ) (Stratagene, Amsterdam, Netherlands) containing an EcoRI-trimmed 1,417-bp PCR fragment which was generated using the primers vor-yqgGEco2Ј and nach-yqgG-Eco3Ј (Table 1) spanning the pstS gene and its upstream promoter region.
RT-PCR. To ensure that all traces of DNA were degraded, 1 g of total RNA was combined with 10,000 U RNase-free fast protein liquid chromatography pure DNase I, 5 U of Placenta RNase inhibitor (both from Amersham Pharmacia Biotech, Freiburg, Germany), and 4 l of 5ϫ first-strand synthesis buffer in a total volume of 16 l and incubated at 42°C for 30 min. Subsequently, two-step reverse transcriptase PCR (RT-PCR) experiments were performed using a Reverse-iT first-strand synthesis kit and Ready-Load PCR mix (both from Advanced Biotechnologies Ltd., Epsom, United Kingdom) according to the instructions of the manufacturer. Gene-specific cDNA molecules were generated in the first step which served as templates in the following PCRs using RT-PCR primers (Table 1) . For negative controls, experiments were done using water instead of RT.
RESULTS
Observations of a phosphate-limited chemostat of C. acetobutylicum after phosphate pulses. For our investigations of the molecular response of C. acetobutylicum to phosphate limitation we used cells from a phosphate-limited (0.5 mM phosphate in the medium reservoir, 0 mM in the cell-free supernatant of the culture) chemostat. The cells were harvested either at steady state or after a phosphate pulse, e.g., in the time period between addition of phosphate (10 mM KH 2 PO 4 ) and depletion again of phosphate due to the consumption by the bacteria and the dilution in the chemostat. Furthermore, the experiments were carried out at two different pH values. At steady state, mainly acids were produced at pH 5.8 and mainly solvents at pH 4.5 (Table 2) .
After phosphate pulses under these two different sets of growth conditions the following observations were made (Fig.  1) . First of all, the OD increased at both pH values, proving that the chemostat had been running under growth-limiting phosphate concentration conditions prior to the pulse of P i . However, the OD 600 at pH 4.5 increased 2.4-fold (from 4.8 to 11.4) compared to 2-fold (from 4.1 to 8.3) at pH 5.8 (Fig. 1) . On the other hand, the decrease of the phosphate concentra- tion was faster at pH 5.8, especially in the first 10 h of the experiments. Thus, phosphate was detectable in the supernatant of the culture for 32 h after the pulse at pH 4.5 and for only 23 h at pH 5.8. Since in both cases the dilution rate was fixed at 0.075 h Ϫ1 , this difference, which was observed in at least five independent experiments, was due to different results with respect to phosphate consumption by the bacteria. In accordance with the higher cell densities present after the phosphate pulse, increasing amounts of acids (pH 5.8) or solvents (pH 4.5) were produced (data not shown).
The pst operon of C. acetobutylicum. As a first target for our molecular analysis of the response of C. acetobutylicum to phosphate limitation we chose the pst operon, which represents a common member of Pho regulons in several other bacteria and is generally highly positively regulated at the transcriptional level after depletion of P i in the environment. Usually, the pst operon encodes at least four different polypeptides or protein domains of a phosphate-specific ABC transport system (3). PstB (ATP binding), PstA, and PstC (channel domains, permeases) are membrane-bound components, whereas PstS is a membrane-associated (periplasmic) high-affinity phosphatespecific binding protein. In some microorganisms such as E. coli an additional open reading frame (phoU) encodes a socalled phosphate regulon regulator (42, 46) . BLAST searches (2) of the B. subtilis PstS protein (BSU24990, 300 amino acids) (43) against the genome of C. acetobutylicum (29) revealed a striking similarity (44% identical, 64% similar amino acid residues) to the gene product (298 amino acids) of the open reading frame cac1705 (Fig. 2) . This putative pstS gene is located on the leading strand starting nearly in the middle of the 3.94-Mbp chromosome at position 1,853,987. Downstream of pstS four open reading frames (cac1706 to cac1709) are located with the same direction of transcription. They all start with an ATG codon and are preceded by putative ribosome binding sites, each indicating individual translation (29) . Since all their deduced gene products reveal high similarities not only to proteins of ABC transport systems in general but specifically to phosphate specific-uptake systems (Fig. 2) they were named PstC, PstA, PstB, and PhoU in accordance with their designated counterparts in E. coli (46) and B. subtilis (43) . The assumption that PstC and PstA (Cac1706 and Cac1707) represent inner membrane components is supported by hydropathicity plot analyses (20) revealing their strong hydrophobic character (Fig. 3) .
The pst operon of C. acetobutylicum obviously includes the genetic information for a PhoU-like protein encoded by cac1709. It showed highest similarities with PhoU of Moorella thermoacetica (45% identical, 66% similar amino acids) followed by several other PhoU-like proteins (data not shown). Thus, the gene architecture of the pst operon of C. acetobutylicum ATCC 824 is identical to that of E. coli but interestingly quite different from the more closely related B. subtilis.
Transcriptional analysis of the pst operon of C. acetobutylicum: general aspects. To evaluate the transcription pattern of the pst operon, total RNA samples of C. acetobutylicum cells grown Fig. 4 ; for original data, see Fig. 6 , 7, and 8). No hybridization signal could be detected with the 1710 probe complementary to an internal fragment of the open reading frame cac1710 located downstream of phoU (not shown). The size of the larger 4.7-kb mRNA species represents the full pst operon including phoU (Fig. 4) . The length of the small transcript (1.2 kb) is in agreement with the size of the pstS gene and was not detected with the pstB probe (see Fig. 6A ).
The transcription start point or more precisely the 5Ј end of the mRNA of the pst operon was determined by primer extension analysis. Experiments with two independent, nonoverlapping DIG-labeled oligonucleotides (Table 1) identified an identical signal, which is shown in Fig. 5A . RT-PCR experiments confirmed the location of the transcription start site (Fig. 5B) . Thereafter, reverse-transcribed pstS-specific cDNA served as template in PCRs in which five different "forward" primers were independently combined with one "reverse" primer. With the "forward" oligonucleotides located within the The product of a primer extension reaction using IRD800-labeled oligonucleotide yqgG-PE-2 (PE) was run on a polyacrylamide gel alongside with the corresponding sequencing reactions (T, G, C, A) generated with the same primer. (B) RT-PCR products based on pstS-specific cDNA as the template (upper photo) compared with PCR products generated with plasmid DNA (pUM8) as positive controls (lower photo). DNA fragments were separated electrophoretically in a 1.5% (wt/vol) agarose gel and visualized by ethidium bromide staining. "Forward" primers (lanes 1 to 5, yqgG-8, yqgG-3, yqgG-9, yqgG-10, and yqgG-4; lanes M, marker) were separately combined with yqgG-2 as "reverse" primer. (C) Locations of "forward" primers within the DNA region spanning the transcription start point of the pstS operon (gray arrows above the DNA sequence) as well as the identified transcription start point (gray circle) are highlighted. The dashed arrow below the DNA sequence symbolizes mRNA and the bold ATG the start codon of pstS.
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pst OPERON OF C. ACETOBUTYLICUM 5473 on February 21, 2013 by PENN STATE UNIV http://jb.asm.org/ predicted mRNA transcripts strong PCR fragments could be generated, whereas only a faint signal was visible with the oligonucleotide yqgG-9 because only 10 bases were able to hybridize. No PCR products could be found with the "forward" primers located beyond the 5Ј end of pst operon mRNA transcripts. Thus, it can be concluded that transcription of the pst operon of C. acetobutylicum initiates 80 to 79 nucleotides (nt) upstream of the pstS gene at a T or G (Fig. 5C) .
Transcription of the pst operon is restricted to phosphate limitation and is affected by the pH. To define a threshold concentration of P i for the expression of the pst operon, P i pulses (10 mM) were applied into the phosphate-limited chemostat culture at steady state at pH 4.5 and 5.8. In the time period after the pulse, which was characterized by decreasing phosphate concentrations, total RNA samples were prepared until again no phosphate was detectable in the supernatant. Northern blots detected pst operon-specific signals only below an external P i concentration of 0.2 mM, i.e., when phosphate was not measurable (Fig. 6A) . These results were confirmed by more-sensitive RT-PCR experiments. Although basal amounts of RT-PCR products were visible around 0.2 mM P i a strong signal was found again at 0 mM P i (Fig. 6B) . These data clearly suggest a threshold concentration for the expression of the pst operon in C. acetobutylicum of below 0.2 mM P i .
Another interesting finding was that the transcript level of the pst operon is affected by the pH. As shown in Fig. 7, a estingly, the proportion of the smaller mRNA seemed to be more strongly increased than that of the full-length mRNA. Therefore, we analyzed the ratios of the transcripts in cells growing under steady-state conditions at pH 4.5 or pH 5.8 in more detail using semiquantitative Northern blot experiments (35) . Serially diluted total RNA samples were hybridized against the pstS probe. Comparison of signal intensities clearly revealed amounts of the 4.7-kb transcript at least two times higher at pH 5.8 than at pH 4.5 (Fig. 8) . The increase of the short pstS-specific mRNA amount was even more pronounced (four-to eightfold).
DISCUSSION
ABC importers of bacteria with their periplasmic binding protein are membrane transport systems, which are needed when the concentration of the specific substrate falls below a threshold concentration. For example, in E. coli the essential nutrient phosphate is taken up by the low-affinity Pit system as long as the concentration in the growth medium is above 4 M (45). Below this level the high-affinity Pst system is induced. All components of this ABC transporter are encoded by the pstSCAB-phoU operon together with a protein called PhoU (46) . Here we demonstrated that an identical operon exists in C. acetobutylicum which is induced under conditions of P i limitation. In similarity to Pit results, a low-affinity phosphate uptake system, encoded by the open reading frame cac3093 and annotated as phosphate permease, is also present in C. acetobutylicum (14) . However, the external P i concentration that results in an expression of the pst-phoU operon in C. acetobutylicum (0.2 mM) was found to be 50-fold higher than that seen with E. coli. In this respect, the situation resembles the results for B. subtilis. There, the corresponding operon is induced at P i concentrations below 0.1 mM (16, 17) , whereas at higher phosphate concentrations the pit gene (ykaB) has been suggested to code for the low-affinity phosphate transporter under this condition (http://genolist.pasteur.fr/SubtiList). On the other hand, in the more closely related B. subtilis the operon structure is quite different due to the presence of two pstB genes and the absence of the phoU gene (37) .
Our analyses demonstrate that transcription of the pst-phoU operon in C. acetobutylicum is initiated at one site and results in two mRNA molecules of different lengths (1.2 kb and 4.7 kb). The short transcript was found at significant higher levels and represents pstS-specific mRNA. Since a stem-loop structure of limited stability (47) is present 9 nt after the TAG stop codon of pstS (Fig. 9) we speculate that premature transcription termination downstream of pstS causes the generation of the two pst transcripts in different amounts. The proposed transcription terminator comprises a stem of 17 bp, including one imperfect U-G pairing and one C-A mismatch, as well as 
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pst OPERON OF C. ACETOBUTYLICUM 5475 a bulb of 10 nt. The structure is followed by a uracil-rich sequence (UUUUAAUUUU). Thus, the sequence shows all basic characters of Rho-independent transcription terminators (10, 31, 34) . On the other hand, the calculated free energy (51) of ⌬G ϭ Ϫ16.5 kJ mol Ϫ1 seems to be rather low and might explain the observed level of read-through. In the case of other putative Rho-independent termination sequences in C. acetobutylicum higher values were reported, i.e., for the one between the sol operon and the adc gene (⌬G ϭ Ϫ75.2 kJ mol Ϫ1 ) or for the two hairpins following orf5 (solR) (⌬G ϭ Ϫ90.9 kJ mol Ϫ1 and ⌬G ϭ Ϫ93.0 kJ mol Ϫ1 ) (13, 27) . In E. coli, several transcripts of the pst-phoU operon have been observed by Northern blot analysis, including two pstS transcripts of different lengths (0.95 kb and 1.2 kb), but no full-length mRNA. Aguena et al. (1) supposed that a combination of at least two different mechanisms, premature termination and nucleolytic cleavage of the primary transcript, is responsible for this observation. Thus, the stable hairpin structure downstream of pstS in E. coli (⌬G ϭ Ϫ72.8 kJ/mol) (22) not only causes partial termination but also stabilizes upstream mRNA by protecting it from exonucleolytic attack. The fact that in C. acetobutylicum only two pst transcripts, one pstS specific and one full length, could be detected led us to the conclusion that cleavage of pst mRNA might not occur in C. acetobutylicum. Thus, E. coli and C. acetobutylicum seem to have evolved different strategies to cope with the need for different amounts of the components of the phosphate-specific transporter which are encoded in one transcriptional unit. Generally, the abundance of pstS-specific mRNA in C. acetobutylicum is in good agreement with observations made with respect to other operons encoding ABC transporters. Usually, the first gene which encodes the periplasmic binding protein is transcribed in excess. Since binding of the substrate to the uptake system is predicted to be the rate-limiting step of the whole transport process, excess of the binding protein could facilitate an efficient transport (36) .
One unexpected result of our investigation was the discovery that the transcript level of the pst operon of C. actobutylicum under conditions of phosphate limitation is also dependent on the pH. A switch from pH 4.5 to 5.8 generally increased the transcript level and further enhanced the dominance of the pstS transcript. It is not clear yet whether the observed higher transcript levels at pH 5.8 are due to a change in the transcription rate or in the stability of the mRNA. Interestingly, this observation is in good agreement with the idea of faster phosphate consumption of the cells under these conditions (see Fig.  1 ). In B. subtilis and B. licheniformis a sudden increase of the external pH induced transcription of the pst operon in cells growing under conditions of a surplus of P i (5, 15) . The alkaline pH mimics phosphate starvation by affecting a low-affinity phosphate uptake system. This can hardly explain the situation in C. acetobutylicum, as we used cells which still grew under conditions of phosphate limitation when the external pH was increased.
In other bacteria, the pst operon is a member of the so-called phosphate (Pho) regulon, under the control of a two-component regulatory system. Well-known examples are the sensor kinases-response regulators PhoR/PhoP in B. subtilis (16, 18) and PhoR/PhoB in E. coli (23, 46, 48) . We have evidence that two genes further upstream of pstS encode such a two-component regulatory system for phosphate regulation in C. acetobutylicum (our unpublished results). Essential for the binding of the response regulator are conserved DNA motifs, so-called Pho boxes, replacing the Ϫ35 promoter elements. In B. subtilis, the Pho box consensus is represented by at least two repeats of an AT-rich TTTACA-like hexamer motif (16) . Interestingly, the pst promoter region in both organisms contains two consecutive Pho boxes (19, 37, 46) . Analysis of the promoter region of the pst operon in C. acetobutylicum identified two overlapping Ϫ10 elements (Fig. 10) , each matching the hexamer consensus motif (TATAAT) of vegetative clostridial promoters (49) in four positions. In contrast, in the Ϫ35 region no similarity to the consensus promoter is obvious. However, two identical 11-nt repeats span the Ϫ35 promoter region and are separated by another 11 nt (Fig. 10) . The hexamer core motif of the B. subtilis Pho box (TT[A/T/C]ACA) is present nearly in the center of these direct repeats. At a distance of 5 nt, these motifs are preceded by a similar one in which two bases are changed. In summary, two putative clostridial Pho box-like sequences are present upstream of pstS, resembling the situations in B. subtilis and E. coli. A space of 11 bp between the 11-bp direct repeats may allow multiple binding of regulatory proteins at the same face of the DNA helix, as was well documented for PhoB of E. coli (8, 46) . Another feature of this Pho box region in C. acetobutylicum has to be mentioned. At least eight bases of the first FIG. 10 . Putative regulatory sites in the promoter region of the pst operon of C. acetobutylicum. The transcription start point of the pst operon is marked by a gray circle and ϩ1. The deduced Ϫ10 and Ϫ35 promoter sequences are boxed. Bold arrowheads above the sequence indicate direct 11-bp repeats and arrowheads below the sequence an inverted repeat. Thick bars over sequences represent those exactly matching the B. subtilis Pho box motif, and thin bars over sequences represent those of similar motifs in which two nucleotides are changed. The ribosome binding site of pstS is underlined, and the start codon is printed in bold letters. direct repeat are also part of an inverted repeat (Fig. 10) . At the moment it can only be speculated upon whether this structure is, e.g., a binding site for an additional regulatory protein.
The elucidation of the regulatory sites in the promoter region of the pst-phoU operon which integrate two different extracellular signals, depletion of P i and the pH of the environment, will be an important task. The fact that under these conditions a metabolic switch occurs in C. acetobutylicum makes it even more interesting.
